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Abstract:-We measured the geological age of Mexico Durango apatite, the international standard sample for 
geological dating, using our previously proposed thermal analysis research approach. Compared with the 
international recommended age or the calculated age of this sample in this study, the resulting error of the 
measurement was approximately 1%. This proves the feasibility of measuring geologic age by the proposed 
thermal analysis method. The dating formula presented in this work to measure the apparent age of Maanshan 
Anhui apatite directly is easier to implement than other dating methods. Through further research, the precision 
age of geological sample may be measured with our formula. Compared with fission-track, α ion 
nuclear track annealing is more sensitive to the temperature of the geological environment; therefore, it 
might be useful for revealing the thermal history of the geological environment. 
 
Key Words: -Isotopic Dating, Solid State Nuclear Track Detector (SSNTD), Thermal Analysis, DSC 
Curve, Annealing Heat; Apatite. 
 
 

1  Introduction 
    Since fission-track dating was discovered 

in 1965[1-4] , it has been widely used [5-8], and it 
remains one of the basic approaches used in 
isotopic dating[9-17]. However, there are 
disadvantages to using fission-track dating method. 
In the fundamental formula for dating, 
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the 238U total decay constant λD=1.551×10-10a-1, the 
spontaneous fission 238U nuclear number NF, and the 

existing 238U atom number can be determined 
accurately, but the numerical value of 238U 
spontaneous fission constant λF has not been unified 
at present[18].The λF value measured with different 
methods has a great range; there are three λF values 
applied currently:（7.03±0.11）×10-17a-1；6.9×10-17a-1 

and 8.46×10-17a-1, and the difference among the 
higher and lower values is 18.4%. We substituted 
these two different decay constants into Formula (1) 
to calculate the age. When the age precision is 106, 
the numerical difference is approximately 18%. 
However, due to the complex process of chemical 
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etching required to measure NF, the total uncertainty 
is obviously larger. 

Isotope dating based on apatite (U-Th)/He is 
a novel technique that has been developed in recent 
years to avoid measuring λF [19-23]. At present, this 
method has been widely applied in research on 
shallow crust, dating near-surface material and 
studying geothermal history in low-temperature areas 
[22,23]. One of the most important applications of 
this dating method is the precise measurement of the 
contents of isotopes, including 238U, 232Th, 147Sm and 
4He. The contents of the 238U, 232Th and 147Sm 
isotopes can be determined by the mature neutron 
activation analysis method, but the Helium isotope is 
a gas and is more difficult to measure. Because 
there is a one-to-one correlation between the Helium 
isotope formed and α ion nuclear track, we 
previously proposed a formula for determining 
geologic age by measuring the α ion nuclear track 
with thermal analysis instead of determining the 4He 
isotope formed[24-26]. 
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Using formula (2), in this study, we measure the 
geological age of Mexico Durango apatite, 
the international standard sample for geological 
dating. Compared with the international 
recommended age or the calculated age in previous 
studies, the error of our measurement result is 
approximately 1%. This demonstrates that the 
method of measuring geologic age by 
thermal analysis is feasible with the correct formula. 
In addition, our measurement of the apparent age of 
apatite collected from Maanshan, Anhui, China, 
provides a reference for other researchers. 

 
    

2  Determining Geological Age by the 

Thermal Analysis Method 

In formula (2), the meaning of each parameter 
in the formula is as follows: 

aD /10551.1 10−×=λ refers to the total decay 

constant (including the sum of spontaneous fission, α 

decay and 
−β decay effect). α0Q refers to the 

annealing heat in the geological sample unit mass 
that is measured with thermal analysis, which is 
produced during α- particle nuclear track annealing 
and which is released from α decay of all of the 
isotopes. %x refers to the ratio of the nuclear track 

density αρ formed by α- particle release from 238U 

decay to the nuclear track density ρ formed by α- 
particle nuclear track release from α decay of all of 
the isotopes ( 238U，  235U, 232Th and 147S, etc.), 

namely 
ρ
ρα=%x .а refers to the ratio of 

annealing heat to irradiation dose in the geological 

sample. αE refers to the average energy of the α- 

particle release from α decay of all of the isotopes in 

the geological sample. )(tN refers to the 

nuclear number of the existing 238U in the geological 
sample unit mass.. 

The average values for 238U, 232Th and 
147Sm isotopic contents of Durango apatite sample 

measured by are 30.99 g gµ , 265.555 g gµ  and 

30.99 g gµ [27] , respectively. Thus, it can be 

calculated that 238
163.443 10 /

U
N n g= × ，

235
142.495 10 /

U
N n g= × (235U content is 1/138 of 238U 

and 232
176.891 10 /

Th
N n g= ×  and 
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147
171.269 10 /

S
N n g= × . The actual measured value 

of Helium nucleus is 4
157.508 10 /

He
N n g= ×  

(calculated with the conversion factor for the Helium 
content of 1.2472×10-8mol/g[27]). In this study, the 
age of the Durango apatite sample is calculated to be 
30.1Ma. The international recommended age is 
31Ma. The α decay constants of 238U, 235U, 232Th and 
147Sm isotopes are λ238 = 1.537×10-10/ a, λ235 = 
9.722×10-10/ a, λ232 = 0. 499×10-10/ a and λ147 = 
6.6×10-12/a,  respectively. 
The methods for calculating the parameters in 
Formula（2）are as follows: 

The annealing heat of the α- particle nuclear 
track released from α decay of all of the isotopes in 
the Durango apatite sample was measured twice by 
scanning the DSC curve with a Q2000 
differential scanning calorimeter made by TA 
Instruments, with the scanning speed of 5℃/min as 

shown in Figures 1 & 2. This heat can be calculated 
as follows:                       

)/(939.1
2

914.1964.1
0 gJQ =

+
=α           (3) 

The nuclear track density formed each year from 
α-particles released from α decay of all of the 
isotopes is: 
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agnN /10354.4238 5
238238 ×=××= λρα     (5) 

%973.16% ==
ρ
ραx                      (6) 

 
Figure 1  DSC Curve 1 of Durango Apatite Sample     

 

Figure 2  DSC Curve 2 of Durango Apatite Sample 
 To calculate the average energy of each α- 

particle after 238U forms the stable isotope 206Pb 
through 8 α decays: 

238

(4.18 4.768 4.658 4.777
5.482 6.002 7.6 5.298)

8
    = 5.346  

MeVE

MeV

+ + +
+ + + +

=       (7) 

 To calculate the average energy of each α- particle 
after 235U forms the stable isotope 207Pb through 7 α 
decays: 

235

(4.394 5.046 6.036 5.744
6.813 7.356 6.622)

7
   6.002

MeVE

MeV

+ + +
+ + +

=

=

      (8)

 
To calculate the average energy of each α- 

particle after 232Th forms the stable isotope 208Pb 
through 6 α decays: 
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232

(4.007 5.420 5.681
6.282 6.744 8.785)

6
   6.153

MeVE

MeV

+ +
+ + +

=

=

      (9)

 

To calculate the Energy of 147Sm through 1 α 
decay: 

MeVE 23.2147 =                     (10) 
To calculate the average energy released from 

each α-particle with total α decay of four types of 
isotopes including 238U, 235 U, 232Th, 147 Sm : 

238 238 238 232 232 232

235 235 235 147 147 147

238 238 232 232

235 235 147 147

5
5

8 6

7 1
8 6

7 1
(423.354 5.346 2045.503 6.153

16.979 6.002 8.376 2.23)  10
2494.418 10

  6.001(

N E N E

N E N EE
N N

N N

M

α

λ λ

λ λ
λ λ
λ λ

× × × + × × ×

+ × × × + × × ×
=

× × + × ×
+ × × + × ×
× + ×

+ × + ×
= ×

×
=

13

)
9.614 10

eV
J−= ×

(11) 

To calculate the ratio of annealing heat to radiation 
dose: 

0

15 13

4

Total number of α particle
Average energy of each particle

1.939 / g 
7.508 10 / 9.614 10 /
2.686 10

 

HeatQa

J
n g J n

α
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−

=
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× × ×

= ×

         (12)                 

To calculate the existing 238U nuclear number in the 
geological sample unit mass: 

gnN t /10443.3 16
)( ×=                    (13) 

Substitute the above values into Formula (2): 

0

D ( )
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4 13 16
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  (14)                         

 The error with the calculated age in the study is:
 

%124.1
1.30

762.291.30error  Relative =
−

=
   （15） 

By substituting 

238
163.443 10 /

U
N n g= × , 235

142.495 10 /
U

N n g= ×  

(235U content is1/138 of 238U ） ，

232
176.891 10 /

Th
N n g= × and 147

171.269 10 /
S

N n g= × ，

as well as the recommended age of the Durango 
apatite standard sample t=31Ma, into the 
fundamental formula of （ U-Th ） /He, using the 
isotopic dating method[21]: 

238 235
4 238 235

232 147
232 147

8 ( 1) 7 ( 1)

6 ( 1) 1 ( 1)
m

t t
He U U

t t
Th S

N N e N e

N e N e

λ λ

λ λ

= − + −

+ − + −   
（16） 

 then 4
157.754 10 /

He
N n g= ×  can be calculated, 

which is the theoretical value based on the 
recommended age of the Durango apatite standard 
sample. Substituting this value into Formula （12）, 
allows a=2.601×10-4 to be calculated, and 
substituting this value into Formula (14), allows the 
geological age of Dorango apatite T=3.073×107 to be 
calculated and compared with the international 
recommended age. 

%862.0
31

073.331error  Relative =
−

=      (17)
 

Compared with the international recommended 
age or the calculated age of this sample in this study, 
the error is approximately 1%. This result suggests 
that the scheme of measuring geological age by the 
proposed thermal analysis method is feasible with 
the correct formula. The geological age of one 
sample will be tested below with this method and 
formula. 

We scanned the DSC curve of apatite collected 
from Maanshan with a Q2000 
differential scanning calorimeter made by TA 
Instruments with the scanning speed of 5℃/min.  
shown in Figures 3 & 4. The results were calculated 
by the following formula: 
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)/(061.2/
2

019.2102.2
0 gJgJQ =

+
=α   (18)

 

 

 
                          
 Figure 3 DSC Curve 1 of the Maanshan Apatite  

 

 
Figure 4 DSC Curve 2 of the Maanshan Apatite 
Neutron activation analysis was conducted by 

the China Institute of Atomic Energy, and the 
uranium and thorium contents of this sample are 
shown in Table 1. 

Table 1. Neutron Activation Analysis of the 
Geological Sample 

Sample 
Name 

Quality
（mg） 

U 
Content 

Th 
Content 

Sm 

Maanshan 
Apatite 

100.5 26.2 ± 2
.9%ppm 

189.6 ± 2
.2%ppm 

0 

 
The following result can be calculated using the 

data in Table 1: 

238
166.627 10 /

U
N n g= ×                    (19) 

235
144.800 10 /

U
N n g= ×                    (20) 

232
174.920 10 /

Th
N n g= ×                   (21) 

147 0
Sm

N = .                             (22) 

 
 (23) 
 
 (24) 

238 238 238 232 232 232

235 235 235

238 238 232 232

235 235

13
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7
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7
  5.862
  9.391 10

N E N E

N EE
N N

N
MeV

J

α

λ λ

λ
λ λ
λ

−

× × × + × × ×

+ × × ×
=

× × + × ×
+ × ×

=

= ×

The ratio a of annealing heat to irradiation dose can 
be tested through laboratory simulation. We used the 
α- particle released from a 239Pu radioactive source to 
irradiate the annealed Maanshan apatite sample and 
measured the annealing heat Q with 
differential scanning calorimeter after a period of 
irradiation time. Then, we calculated the 
irradiation dose G according to the strength of the 
activity of radioactive source, the amount of particle 
energy released, the quality of the irradiated sample 
and the irradiation time. Thus, the ratio a of 
annealing heat to irradiation dose can be calculated 
as follows: 

02315.0==
G
Qa

                      (25)
 

These parameters may be substituted into 

238 238

238 238 235 235 232 232

8%
8 7 6

0.363

a Nx
N N N

ρ λ
ρ λ λ λ

= =
+ +

=
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Formula (2): 

238

0

( )

-10

-13 16

5

( %)1 ln(1 )
8

1 
1.551 10 /

2.0605 / 0.3631ln(1 )
8 0.02315 9.391 10 6.627 10 /

4.185 10

D t u

Q xT
a E N

a
J g

n g
a

α

αλ
= +

× ×

=
×

×
× +

× × × × ×

= ×

(26) 

In Formula (25), Q is the annealing heat of 
theα- particle nuclear track produced by a 
radioactive source. Here, the nuclear track in the 
sample does not consider the effect of the annealing 
factor in the geological environment; therefore, the 
measured age is younger than the actual age of the 
sample, while the precise age can be determined only 
after correction.  

 
 

3. Discussion 
From our calculations , we found that the 

irradiation dose for the sample with αdecay of 238U, 
232T and 147Sm isotopes is: 

4
157.508 10 ( / ) 6.001 /

7218.5071 /
He

G N E n g MeV n

J g
α= × = × ×

=
(27)    

From the measured annealing heat value of the 
Maanshan apatite sample, it can be determined that 
its irradiation dose will not be less than the above 
value. Obviously, the α- particle irradiation dose for 
the general geological sample is considerable. The 
general process of irradiation energy loss occurs in 
the following three ways: When the α- particle 
energy is high, electromagnetic radiation is produced 
because of an abrupt deceleration of the particles in 
the target nucleus; this is Bremsstrahlung energy loss. 
When the α- particles interact with electrons, an 
instantaneous state of disorder and a semi-permanent 
effect can be produced in the crystal for only a short 
time (less than 103 s). Meanwhile, when the α- 
particles collide with atoms, destroying the 
crystal structure, the displaced atoms formed via this 
collision can last a long time in the crystal, causing 
permanent damage and producing nuclear 

tracks[28-30].Thermal analysis instruments are used 
to measure the energy released from lattice recovery 
when heating and annealing. The sensitivity of 
thermal analysis instruments has reached μW (The 
sensitivity of Q2000 made by TA Instruments is 
0.2μW), even nW order of magnitude, so there is no 
difficulty in measuring the heat in reality. At present, 
the heat collected by thermal analysis instruments 
accounts for 20%—97% of the total heat released by 
the samples. This suggests that the measured heat 
will be different when using a different instrument or 
a different method on the same instrument. In 
practice, if the annealing heat of a natural geological 
sample and a synthetic sample radiated by an 
irradiation source are measured under the same 
conditions (the same instruments, measurement 
methods, sample processing and even instrument 
operators), the error caused by measuring annealing 
heat with different instruments or by different 
methods with the same instrument will be reduced. 
According to the mechanism of forming displaced 
atoms, the energies of the α- particles are mainly 
below 1 MeV when forming displaced atoms; 
therefore, the effect of the selected α- particle energy 
can be ignored. 

The effect of the annealing behavior of nuclear 
tracks in the geological environment relative to the 
measured apparent age must be studied for all 
isotopic dating methods so that the real age can be 
obtained through correcting the apparent age. 
Compared with the fission track, it is easier for the 
nuclear track of the α- particle to be affected by the 
annealing behavior in the geological environment. 
Therefore, studying the annealing behaviors of the 
nuclear tracks from α- particles in geological 
environments is important. The age of the 
geological sample can be measured accurately and 
precisely using the thermal analysis dating method 
after the annealing behavior in the geological 
environment has been determined. 

 
 

4   Conclusion 

Y. Tongsuo et al.
International Journal of Environmental Science 

http://iaras.org/iaras/journals/ijes

ISSN: 2367-8941 102 Volume 1, 2016



Apatite (U-Th)/He isotope dating via thermal 
analysis was used in a detailed geological dating 
study to determine the apparent age of Maanshan 
Anhui apatite directly, revealing an apparent age of 

a6108782.1 × . This proves the feasibility of 

geologic dating using our previous formula 

)
NE8a
%)(Q

1ln(1

(t)

0
0

α

α

λ
x

T
D

+= . Revealing the thermal 

history of the geological environment might be 
advantageous because α ion nuclear track annealing 
is sensitive to the temperature of the geological 
environment and easy to measure. 

 
 

5  Acknowledgments 
    This study was supported by the National 
Nature Science Foundation of China 
(Nos.11175267,11275273). We greatly thank Zhang 
Yongbao for detailed neutron activation analysis, and 
Ms. Guo Yanshuang for carrying out the thermal 
analysis experiment 
 
 
References 
[1] Fleischer R L, Price P B.  Techniques for   

geological dating of minerals by chemical 
etching of fission fragment tracks. Geochim 
Cosmochim Acta, vol.28, No.10-11, 1964a, 
pp.1705-1714. 

[2] Fleischer R L, Price P B.  Decay constant for 
spontaneous fission of 238U. Phya Rev, vol.133, 
No. B63, 1964b, pp.63-64. 

[3] Fleischer R L, Price P B, Walker R M. Effects of 
temperature, pressure and ionization of the 
formation and stability of fission tract in 
minerals and glasses. Geophys Res, vol.70, 
No.6, 1965a, pp.1497-1502. 

[4] Fleischer R L, Price P B, Walker R M.  
Solidstate track detectors applications to nuclear 
science and geophysics. Ann Rev Nucl Sci, 

vol.15, 1965b, pp.1-28. 
[5] Briggs, N.D., Naeser, C.W., and MoCulloh, T.Ｈ. 

Thermal history of sedimentary basin by 
fission-track dating.Nucl Tracks,vol.5, No.1-2, 
1981, pp.235-237. 

[6] Carpena J. Tectonic interpretation of an inverse 
gradient of zircon fission-track ages with respect 
to altitude: alpine thermal history of the Gran 
Paradiso basement. Contrib Mineral 
Petrol,vol.90, No.1, 1985, pp.74-82. 

[7] Guo SL, Zhou SH, MengW , Zhang PF, Sun SF, 
Hao XH, Liu SS, Zhang F, Hu RY and Liu JF.  
Fission track dating of Peking Man, Chinese Sci 
Bull, vol.25, No.9, 1980, pp.770-772.(in 
Chinese with English abstract) 

[8] Kang T S, Wang S C,Zhai P J, Feng S. The 
fission track analysis methodfor evaluation of 
geothermal histories and its application in the 
LinQing sedimentary basin. ActaPetroleiSinica, 
vol.11, No.2, 1990, pp.22-32.(in Chinese with 
English abstract) 

[9] Zhang J, Wang Y N, Zhang B H, Zhao H. 
Evolution of the NE Qinghai–Tibetan Plateau, 
constrained by the apatite fission track ages of 
the mountain ranges around the Xining Basin in 
NW China. Journal of Asian Earth Sciences, 
vol.97A,  2015, pp.10-23. 

[10] Jelinek, A.R., Chemale F, van der Beek P A, 
Guadagnin F, Cupertino J A, and Viana, A., 
Denudation history and landscape evolution of 
the northern East-Brazilian continental margin 
from apatite fission-track thermochronology. 
Journal of South ． American Earth 
Sciences,vol.54, 2014, pp.158-181. 

[11] Schmidt J S , Lelarge M L M V, Conceicao R V, 
Balzaretti N M.  Experimental evidence 
regarding the pressure dependence of fission 
track annealing in apatite. Earth and Planetary 
Science Letters, vol.390, 2014, pp.1-7. 

[12] Liu XL，Wang YT，Hu QQ，Wang RT，Wen 
SW，Chen MS and Yang GH.  Sm-Nd isotopic 
dating of carbonate minerals from the Chaima 
gold deposit in the Fengxian-Taibai ore 

Y. Tongsuo et al.
International Journal of Environmental Science 

http://iaras.org/iaras/journals/ijes

ISSN: 2367-8941 103 Volume 1, 2016



concentration area，Shaanxi Province and its 
implications.ActaPetrologicaSinica ， vol.30, 
No.1, 2014, pp.271-280. 

[13] Cai Chang’e, QiuNansheng ， Xu Shaohua. 
Advances in Re-Os Isotopic Dating in 
Geochronology of Hydrocarbon 
Accumulation .Advances in EarthScience,vol.29, 
No.12, 2014, pp.1362-1371. 

[14] Guan Junlei，GengQuanru, Wang Guozhi，Peng 
Zhiming, Zhang Zhang, Cong Feng, Li 
Na.Zircon U-Pb Dating and Hf  Isotope 
Compositinos  of  the RisongGranite in North 
Gangdese,Tibet.  ActaGeologicaSinica , vol.88, 
No.1, 2014, pp.36-52. 

[15] Song Tianrui, Shi Yuruo, Zeng Ning.Discovery  
of  REE  Minerals from Precambrian Rocks 
of the Ming Tomb District, Beijing and Its 
Implications for SHRIMP Isotopic Dating. 
ActaGeologicaSinica . vol.88, No.9, 2014, 
pp.1638-1650. 

[16] Liu Wencan, Wang Yu, Zhang  Xiangxin, Li 
Huimin, Zhou Zhiguang, Zhao Xingguo. The 
rock types and isotope dating of the 
Kangmargneissic dome in southern Tibet.Earth 
Science Frontiers.vol.11, No.4, 2004, 
pp.491-501. 

[17] Zhang Youyu, Horst ZWINGMANN, Andrew 
TODD, Liu Keyu, Luo Xiuquan. K-Ar dating of 
authigenicillite and its applications to study of 
oil-gas charging histories of typical sandstone 
reservoirs,Tarimbasin,Northwest China.Earth 
Science Frontiers.vol.11, No.4, 2004, 
pp.637-648. 

[18] Kang TS,Wang S C. The fission track analysis 
method in the study of geothermal 
histories.BeiJing: Science Press ,1991.(in 
Chinese) 

[19] Shuster D L, Farley K A .4He/3He 
Thermochronometry:Theory,Practice,and 
Potential Complications,in Low-Temperature 
Thermochronology.Reviews in Mineralogy and 
Geochemistry. vol.58, 2005, pp.181-203. 

[20] Shuster D L,Flowers R M,Farley K A .The 

influence of natural radiation damage on helium 
diffusion kinetics in apatite. Earth and Planet 
Science Letter.vol.249, 2006, pp.148-161. 

[21] JiangY, and Chang H.  Apatite(U-Th)/He 
dating A Review. ActaPetrologica Et 
Mineralogica ．  vol.31, No.5, 2012, 
pp.757-766.(in Chinese with English abstract) 

[22] Chang Y,Xu CH and Zhou ZY. (U-Th)/He 
Dating Method:α-ejection Influence and 
Correction.Advances in Earth Science, vol.25, 
No.4, 2010a, pp.418-427.(in Chinese with 
English abstract) 

[23] Xu CH, Zhou ZY and Chang Y. Genesis of Daba 
arcuate structural belt related to adjacent 
basement upheavals: Constraints from 
Fission-track and(U-Th)/Hethermoschronology. 
Sci China Earth Sci,vol.40, No.12, 2010, 
pp.1684-1696.(in Chinese) 

[24] Yang T S.  Feasibility of probing solid state 
nuclear tracks by thermal analysis method. 
Chinese Sci Bull,vol.52, No.4, 2007, 
pp.380-383.(in Chinese) 

[25] Yang T S, He S R,Li T X, Lu B Z, Ji S L, Heng 
S Y.  Measurement of solid state nuclear tracks 
in apatite by thermal analysis method. Chinese 
Sci Bull,vol.54, No.17, 2009, pp.2495-2499.(in 
Chinese with English abstract) 

[26] Yang T S, Shi Y Q, Li Y G, Xin D Q, Wang T B, 
Wang D W.  Research program of 
determination of geological age by thermal 
analysis method . Journal of Earth Science, 
vol.24, No.4, 2013, pp.657-662. 

[27] Zhang Y and Chen W. Study on the ～4He 
Content Measurement.Geological Review, 
vol.57, No.2, 2011, pp.300-304.(in Chinese with 
English abstract) 

[28] Yu XZ, Lv GG and Zang J.Radiation 
physics.Beijing,Atomic press, 1986,pp.35-102. 

[29] Wang G H .Interactionbetweenparticles and 
solid physics.Beijing,Science press, 1991 
pp.55-95. 

[30] Cao J Z.The radiation effect of semiconductor 
materials.Beijing.Beijing:Science      

Y. Tongsuo et al.
International Journal of Environmental Science 

http://iaras.org/iaras/journals/ijes

ISSN: 2367-8941 104 Volume 1, 2016

http://59.75.36.203/kns55/loginid.aspx?uid=aHlCcXlJVWkxUFBHZGxiSXFmYWM2Uko1aTFYVjY4RUdjVTdjRndOYnFCeFpiV2FQ&p=Navi%2FBridge.aspx%3FLinkType%3DBaseLink%26DBCode%3Dcjfq%26TableName%3DCJFQbaseinfo%26Field%3DBaseID%26Value%3DDZLP


press,1993,pp.50-112. 
 

Y. Tongsuo et al.
International Journal of Environmental Science 

http://iaras.org/iaras/journals/ijes

ISSN: 2367-8941 105 Volume 1, 2016




